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The rare top decay t — ^ ell, which involves flavor violation, is studied as a possible probe of new 

physics. This decay is analyzed with the simplest Standard Model extensions with additional gauge 

symmetry formalism. The considered extension is the Left-Right Symmetric Model, including a 

. - . , new neutral gauge boson Z' that allows to obtain the decay at tree level through Flavor Changing 

Cn ' Neutral Currents (FCNC) couplings. The neutral gauge boson couplings are considered diagonal 

^~~^ ' but family non-universal in order to induce these FCNC. We find the BR{t -^ clt) ~ 10"^"^ for a 

O ' range 1 TeV< Mz> < 3 TeV. 
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CN ; I. INTRODUCTION 

tG . The last year we have witnessed the impressive work of LHC, which has reached a luminosity that has allowed to 

♦p-i' test the Standard Model (SM) at extraordinary levels |l|. In particular, LHC has provided notable bounds on the SM 

O , Higgs boson mass |^. After the discovery of the top quark at Fermilab Tevatron Collider, experimental attention has 

QJ ■ been turned on the examination of its production mechanisms and decay properties. Within the SM, the top quark 

i-G ' production cross section is evaluated with an uncertainty of the order of ~ 15%, while it is assumed to decay to a M^ 

boson and a b quark almost 100% of the time. With higher energy, as planned, the LHC will also become an amazing 

p^ ' top factory, allowing to test the top properties, its couplings to SM channels and rare decays. Because about 10^ — 10^ 

J> . top pairs will be produced per year, rare decays with B.R. of order 10~^ — 10~^ may be detectable, depending on the 

On ' signal. For the W boson coupling to fermion pairs (td,;VF^), the structure is proportional to the CKM element Vt^. 

00 I in the framework of the SM. Therefore, the decay t ^ b + W dominates its branching ratio. Radiative corrections to 

this mode are of order 10% and are difficult to detect at hadron collider, but may be at the reach of the International 

Lineal Collider (ILC). Top quark decays from Flavor Changing Neutral Currents (FCNC), such as t — >■ C7, t — )■ eg, 

C^ I t —i' cZ and t -^ ccj), have been studied, both in the context of the SM and new physics. In the SM, the branching 

^— ^ ' ratio of FCNC top decays is extremely suppressed. The rare top quark decay i — >■ c -I- 7 was calculated Q, the result 

^ ^ implied a suppressed branching ratio, less than about 10^ ^*', which was confirmed when subsequent analysis, included 

. . ■ the correct top mass value, and gave BR{t -^ c -I- 7) = 5 x 10"^'^ [4]. The decays t ^ c + Z and i — > c + 5 were 

K^ , also calculated [7], [8]. The resulting branching ratios obtained there turned out to be BR{t — > c + Z) = 1.3 x 10"^"^ 

and BR{t -^ c + g) = 5 x 10^^"'^. The top-charm coupling with the SM Higgs 0° could be induced at one- loop level 

with a resulting branching ratio BR{t -^ c + 4P) = 10~^^. The FCNC top decays involving a pair of vector bosons 

d • in the final state, t — )■ cVV , can also be of interest Q- Although one could expect such modes to be even more 

suppressed than the ones with a single vector boson, the appearance of an intermediate scalar resonance, as in the 

previous case, could enhance the branching ratio. Furthermore, it also see ms p ossible to allow the tree-level decay 

t — 7^ b + WZ, at least close to threshold, because of the large top quark mass [U^. The top decay into the light quarks 

t -^ W + d{s) is suppressed, as they are proportional to Vtci{e) [ill- Probably for this reason, the SM corrections to 

this mode have not been studied, though the QCD corrections should be the similar for both modes. However, it may 

be possible to get a large enhancement that could even make it detectable at the ILC in extensions of the SM. Some 

typical results for the top decays in the SM are summarized in Table I. This table also includes, for comparison, the 

results for top branching ratios from models beyond the SM, in particular from the THDM-IH \1^ and SUSY jl3| . 

which will be discussed in this work. Another interesting mode is the decay t — >■ cl~^l~', which could be mediated by 

a vector resonance. Within the SM one could expect a BR{t -J> d+Z~) « BR{t -^ cZ) ■ BR{Z -^ l+l') < 10"^°. 

Thus, this mode offers the possibility to test extensions of the SM that include an additional vector boson Z', which 

could have SM-like couplings to I'^l^ , but enhanced coupling tcZ'. In this paper, we evaluate this decay mode within 
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TABLE I: Branching ratios for some CKM-suppressed and FCNC top quark decays in the SM and beyond, for mt = 173.5 — 178 
GeV. Decays into a pair of massive gauge bosons include finite width effects of final state unstable particles [ll|] , [I^l . 

a particular extension that are well motivated and produce interesting signals. The so-called Left-Right Symmetric 
Model with Non-Universal extra gauge bosons, where there are strong constraints for transitions involving the 1st and 
2nd generations, but admit larger effects for transitions involving the 3rd generation. We find that one can obtain 
BR{t -^ cl^l^) < 10"^°. This paper is organized as follows. In section 2, the parametrization of the couplings 
of Z' neutral gauge boson and evaluation the decay width for t — > cl^l~ . In section 3, the relevant details of the 
Non-universal Z model and evaluation of the corresponding BR{t — ^ cZ^/"). Finally, our conclusions appear in section 
4. 

II. FLAVOR-CHANGING NEUTRAL CURRENTS FROM FAMILY NON-UNIVERSAL COUPLINGS 



The extension for Standard Model (SM) known as Left-Right symmetric model (LRSM) is considered in order 



to include extra gauge bosons. The gauge symmetry group of the LRSM is SU{2)l ® SU{2)r ® U(1)b-l 14 |. In 

l3 but 



literature, several models contain extra neutral gauge bosons through increasing the gauge symmetry group 

LRSM is the simplest model based on physical motivation. In this work, exotic fermions are not included in fermion 

field contain, only the SM fermions. 

The notation for parameters and formalism introduced by Langacker and Plumacher have been used in this work 
[16| . Then, the couplings for neutral gauge bosons with fermions are given by 
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where Zi^ is the usual electroweak neutral gauge boson, Z2^ is the neutral gauge boson associated with the additional 
gauge symmetry and gi^2 are their respective gauge coupling constants. The Za^ and Jq^ are written in gauge 
eigenstate basis. The general form of the J2^ current is 
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where i, j = 1, 2, 3, h = L,R and Plm = (1 T 75)/2- e^,,. are model depending parameters described below. FCNCs 
can be introduced through the e^^ ■ parameters, when family non-universal assumption is done. The flavor diagonal 



and family universal couplings mean that ef^-- = 
model. For LRSM, the chiral charges are given by 



Qf^Sij, where Qj^ denotes the chiral charges and depends on the 




{B ~ L)^ 



(3) 



and 



''R = \ll{^nR-^{B-L)., 



(4) 



where B and L denote the baryon and lepton numbers of the fermion i, respectively. T^r is the third component of 
its right-handed isospin in the SU{2)ji group and a^ = (1 — 2 sin^ Ow)/ sin^ 9w- If the Z2 couplings are diagonal but 




FIG. 1: Tree level Feynman diagram for rare top decay mediated by Z' extra gauge boson. 

they are family non-universal, then e^j- = xj^^Qj^Sij jheie the repeated indexes do not denoted a sum. After changing 
to mass eigenstate basis, the up-quark sector current is 

J2^ = E ("' ^"' *) -f^vIh^yukPh \ c \. (5) 

h \ t 

Analogously in the case of the down-quark sector. However, for simplicity, we shall assume that down-quark sector 
has non- mixing, then left-handed and right-handed CKM matrix can be Vckm ~ VuL and Vr ~ Vur, respectively. 
Therefore, the following 3x3 matrices are defined as 

Bl = V^^,,elVcKM (6) 

and 

Bl = V^elVR. (7) 

The usual and known CKM matrix parametrization in terms of the Wolfenstein parameters, Aj A, 77, S are used in 
this work [17]. For Vr matrix, the parametrization given by Zhang et. al. is taken into account [l8|, 

Vr = PuVlPd, (8) 

in which Pu = diag (s„, Sce2*'*^ Sje^*^^), Pd = diag (srfe^^S 5^6-*^% Sfee"*^^) and 

/ 1-^ A AX^{p-if])\ 

Vl^ -a 1 - ^ AA^e-^^^^ . (9) 

^A\^{1- p-ir^) -A\^e^'^^ 1 / 

The Sq guarantee that up-type and down-type quark mass matrix elements are positive. The 9i phases come up as 
well as it happens in CKM matrix. 

Finally, electroweak and extra neutral gauge bosons are mixed by ^ parameter. Since ^ << 1, Zi and Z2 can be 
identified with physical gauge bosons Z and Z', respectively. 

III. RARE TOP DECAY t -^ ell 

A. Decay width for t — i- ell 

The branching ratio for the rare top decay t — > ell is calculated by using the formalism introduced in the previous 
section. The diagram for this decay is shown in figure [1] If 5^ << Mf, , the average of amplitude as 

4 

l^t^cii I = ZJTT [Bi (91 • fci) (92 • ^2) + B2 {qi ■ ^2) (<?2 • fci) + B^mf (gi • 92) - Biintnic (fci • fc2) - B^mtmcmj] , 
olVl ^, 

(10) 
and then the decay width becomes 

45 5 

r,^ 7, = "^-^ > a^B^, (11 

*^^" (16^) M|,frt 

where the a^ and Bi are explicitly written in the appendix. 
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FIG. 2: Left(right) figure corresponds to branching ratio as function of tiie x {Z' mass) for tiie scenario i). 
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FIG. 3: Left(right) figure corresponds to branching ratio as function of the x (Z' mass) for the scenario ii). 

B. Parameter space 

Three scenarios are analyzed in order to explore the behavior of the family non-universal parameters. All scenarios 
assume that the Z' coupling to the leptons and down-type quarks are flavor diagonal and family universal, that is, 



''h,R} 



''L,Rl 



5ii. The scenarios are: 



i) Left-handed family non-universality for up-type quarks. The right-handed up-type quarks are family universal 



and only the last family for left up-type quarks has family non-universal coupling with Z' |19;], (x^) 



dij, 



(2^l)ii — (^l)22 ^ ^ ^^'^ ('^l)33 = ^- The parameter x must be close to 1, but it is not exactly 1 in order to 
obtain FCNC from Z' boson. 

ii) Left-Right handed family non-universality for up-type quarks. The third generation of the right-handed and 



left-handed up-type quarks are family non-universal, (x^ p) 



— 1 and 



iii) General left-handed family non-universality for up-type quarks. Three families of the left-handed up-type quarks 
have family non-universal couplings (x^)-^-^ = xi, {x^)22 = X2 and (a;^)^^ = 2:3. As in first scenario, right-handed 
up-type quarks are family universal. 



Numerical result and discussion 



We have taken from Particle Data Group the central values of the SM parameters [20l|. Then, numerical values 
of the chiral charges are shown in table |lll For all considered scenarios in previous section, appendix [X] contains the 
analytical expressions and numerical values of the B^ j^ parameters and Li integrals. 

In the case of the scenario i) and ii), the branching ratio of the rare top decay t ^ ell has been obtained as function 
of the family non- universal parameter x and the Z' mass, see figures [5] and [31 In the case of the scenario iii), the 



Br(t^cl"'r)xlO" 




FIG. 4: Branching ratio for the scenario iii) 




FIG. 5: Example branching ratio in the scenario iii) when allowed values xi = 0.8, xi = 1, xs = 0.9 are considered. 

branching ratio depends on the parameters X31 =2:3 — 2:1 and 0:32 = X3 — X2- The figure 2] is obtained by using the 
representative lower bound of the Z' mass, which is around 1 TeV [20|. As mentioned before, the family non- universal 
couplings are important to including FCNC from extra gauge bosons. In both scenarios i) and ii), branching ratio and 
family non-universal parameter shows a decreasing behavior for values of the Z' mass greater than 1 TeV. However, 
the results for scenario ii) are 10 times bigger than the results for scenario i). A prominent feature of right-handed 
CKM matrix obtained in the branching ratio is its the increment. 

We finally discuss the branching ratio in the scenario iii) . The branching ratio not only depends on two parameters 
as above, but two more parameters are added for the general family non-universality. However, the unitary of the 
CKM matrix allows us to write the branching ratio as function of xs^i = X3 — X1 and 0:2,1 = 0:2 — 2:1. The domain of the 
(2:21, 231) shall be [0, 1] x [0, 1] in order to have closed values between the family non-universal parameters, 2:1,2,3, and 
near to 1. The not allowed region in the domain is bounded among line 2:31 = 0.9746221 and 2:31 = 0.9746221 + 1.4404. 
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TABLE II: Numerical values of the chiral charges for leptons and quarks obtained by using Q, Q and sin^ 



0.2316. 



Out of this region, there still exit some values of the X31 and X21 for which the 11.2,3 could be negative. It can be 
control when we constrain the parameters as x^ > X31 and X21 > 0:31 —X3. Figure [S] shows an example when X31 — 0.1 
and a;2i — 0.2 are selected. Finally, we can remark that the branching ratio of the rare top decay is very suppressed 
in all scenario. 

IV. CONCLUSION 

We find the branching ratio of the rare top decay at tree level for three posible scenarios. The branching ratio is 
between lOx"-'^'^ ~ lOx"'^^. The right-handed CKM matrix contribution in scenario ii) helps to give an arise in the 
branching ration. However, for any scenario is still very suppressed. 

We can also obtain a allowed region for the family non- universal parameters in scenario iii). The allowed parameters 
keep positive the branching ratio. 
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Appendix A: Analytical expressions and numerical values 

Below we give the complete analytic formulae for the family non-universal parameters in three considered scenarios. 
We also present the analytic expression of the integrals /i,...,5. 

1. Family non- universal couplings 

For the scenario i) 

[Bl],,^Qlix-l)VttV:,, (Al) 

[S«]32 = 0, (A2) 

[bIi,],,^QIh. (A3) 

Then, we write last the expressions of the Bi 5 in terms of the Wolfeinstein parameter, Vtb — 1 and Vch — AA^, 

B^=2{QlQ'^)\x-\fA^\^ (A4) 

i?2 = 2(g^gy'(x-l)'A2A4 (A5) 

B3 = (A6) 

54 = Q'rQI {x^\)A\^ (loll' + |Qy') (A7) 



and 



For the scenario ii) 



^5 = 0. (A8) 

\B-j\^^=Ql{x~\)A\\ (A9) 

\Bl\^^^Q\(x-\)s,s,A\^ (AlO) 



Then 



and 



For scenario iii) 



Then 



and 



\B' 



l,r\zz 



Ql.r- 



Bi = 2 (x - ir A^A^ {QIQ'^) +{QlQ'j,, 



B2 = 2(x-lf A2A4[(Q^gy' + (Q^Q^) , 



B3 = QlQi (x - 1)' sts.A^X^ \{Qlf + (Qlf 



B4^Q'RQl{x-l)A\^\Qi\' + \Q' 



2 i^( |2\ 



S5 = ^stSaQlQlQiQ'n {x - 1)' A^X^ 



[Blh^ = Ql {xiVuV:^ + x^VtsV:, + X3T46Kt) 



[Br]2,2 - 0, 



[Bl,b\^^ -Q^l,r- 



+ (X2 - Xi) (X3 - Xi) VtsV*^V;fycb + {X2 - Xi) (X3 - Xi) F/^KsKt^b] > 



B2 = 2|Q^nQy'[(x2-xi)'|T4,|'|Ks|' + (x3-xi)'|T4b|'|t4b|' 

+ (a;2 - Xi) (X3 - Xi) VtsV;,V;f,Vcb + {X2 - Xi) (xg - Xi) Fj^KsKt^b] > 



B3=0, 



Bi = Q^Q^Re ((X2 ^ xi) T^^Ks + (^^3 - x^) T4bK*6) (IQlT + 1^^') 



B. = 0. 
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2. Integrals 



h = -(l-Ai?)+MilnMi, 



/2 = i (1 - Hif 
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TABLE III: Numerical values of the integrals for each charged lepton. 
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TABLE IV: Numerical values of the Bi, i = 1, ..., 5. 



^3-^(1- Ml) (1 + Ml + M? + M?) + M? InMi, 



/4 = - (1 - fix) (2 + 5yUi - fij) + fii In^i, 



4 = -r (1 - Ml) (Mi - 5Mi + 13mi + 3) + ^i In^i. 



ai = (1 -Ms) ^2 -^3, 
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ai = 2^/JI^ [(1 + 2^1 - Hz) h- h- li] , 
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B, = 2(\BinBif + \B-^]'\B', 



«|2 I dM^ I I dM^ I D« |2 



So = 2 |B^rLB'„ + m \B 
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Bs=Rc{BiB^^*)[\Blf + \Blf) 
i?4 = Rc(i?E5i?)(|sif + |i?kr) 
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and 



B, = 2 [Re {BIB'^B^^*B'*) + Re {BIB'£ B^^B'*)] 



(A39) 
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